Abstract. Groundwater is an important economic source of water supply for drinking water and irrigation water for agriculture. Surface nuclear magnetic resonance (SNMR) sounding is a relatively new geophysical method that can be used to determine the presence of culturally and economically important substances, such as subsurface water or hydrocarbon distribution. SNMR sounding allows the determination of water content and pore size distribution directly from the surface. The SNMR method is performed by stimulating an alternating current pulse through an antenna at the surface in order to confirm the existence of water in the subsurface. This paper reports the development of a 3-D forward modeling code for SNMR amplitudes and decay times, after which an improved 2-D and 3-D inversion algorithm is investigated, consisting of schemes for regularizing model parameterization. After briefly reviewing inversion schemes generally used in geophysics, the special properties of SNMR or magnetic resonance sounding (MRS) inversion are evaluated. We present an extension of MRS to magnetic resonance tomography (MRT), i.e. an extension for 2-D and 3-D investigation, and the appropriate inversions.
Introduction
Groundwater is an important natural resource all around the world. Quantification and qualification of groundwater and hydro-geological parameters of aquifers are necessary to manage and preserve groundwater resources. Furthermore, information about the availability of groundwater resources and how they can be exploited is essential for a sustained socioeconomic development of any area, whether urban or rural. For this purpose, geophysical methods provide a wide range of very useful and powerful tools that, when used correctly and in the right situation, will produce useful information.
Along with the widening of the application range of geophysical methods, particularly with respect to the investigation of derelict and contaminated land, the sub-discipline of environmental geophysics has developed [1] . These measurements can be used to infer the porosity, permeability, chemical constitution, stratigraphy, geologic structure, and various other properties of volume materials near the earth's surface. In groundwater exploration they can be employed to predict groundwater levels, physical parameters of aquifers, seawater intrusion, contaminants from the land surface, and land subsidence caused by human activities (mainly through the removal of subsurface water).
A new geophysical method that can be applied for this purpose is SNMR. The SNMR method is conducted on a test site to yield the geometry, water content and hydraulic permeability of an aquifer [2, 3] . Besides allowing a more detailed and reliable assessment of aquifers, the SNMR method may also be used to detect changes of water content and hydrogeological parameters.
To improve the capabilities of the SNMR method, we have carried out a research to study the response of 2-D and 3-D models, i.e. the SNMR relaxation signal for various locations of the antenna loop. The main aim of this research was to improve the ability of the SNMR method to determine groundwater parameters in the subsurface. The emphasis of the research was on the development of a groundwater modeling program that allows to determine the initial amplitude and decay time of an SNMR signal for the 3-D water distribution in dependence of the pulse moment. Finally, we have developed a 2-D and 3-D inversion to increase the interpretation of the SNMR method.
Methodology
Surface nuclear magnetic resonance (SNMR) sounding is a geophysical method that is aimed at determining hydro-geological parameters from magnetic resonance measurements. This method is based on the principle of proton magnetic resonance in the Earth's field of hydrogen 1H atoms contained in groundwater H 2 O molecules. An NMR signal, stimulated by an alternating current pulse through an antenna at the surface, confirms the existence of water in the sub-surface. The amplitudes of the NMR signal are directly related to the water content, while the decay times are linked to pore size, grain size and, therefore, to hydraulic conductivities. The phases are related to the electrical conductivity; this measurement can be used qualitatively and quantitatively [4] ( Table 1 ). Figure 1 shows the three stages of SNMR measurement. The equilibrium of hydrogen protons (Figure 1(a) ) is excited by an alternating current pulse through the antenna at the surface to confirm the existence of water in the subsurface, as shown in Figure 1 (b). After termination of the exciting pulse, the response field due to the relaxation of the precessing hydrogen is measured (Figure 1(c) ). Phase shift between signal and current  Rock layer resistivity Figure 1 Schematic of the SNMR field measurement principle using a coincident transmitter and receiver circular loop in three stages. a) H-protons undisturbed in equilibrium, b) H-protons excited by AC pulse through antenna, and c) after termination the response field due to relaxation is measured [5] . In Figure 2 , a time diagram of the current impulse and received signal is shown. The initial amplitude E 0 of the signal corresponds to the water content in the sub-surface [6, 7] . The decay time T 2 * (spin-spin relaxation time) of the SNMR signal corresponds to pore size. The fundamental integral-equation that governs the amplitudes E 0 (q) of the nuclear magnetic resonance as a function of the pulse moment q is given by [8] : 
3-D Forward Modeling
Interpreting SNMR data consists of determining the water content of each layer, in the hypothesis where the underground is stratified at the scale of the loop dimensions. The inversion consists of processing the raw data for the whole set of pulse moments corresponding to the various depths of investigation. However, some parameters are well defined, such as the product of the thickness of a thin layer and its water content. The development of a 3-D forward modeling of SNMR initial amplitudes and decay times was based on the work of Eikam [9] , which can be used for two and three-dimensional interpretation of SNMR surveys. The formulation is reduced to a finite dimensional matrix problem by considering a finite number of cells with constant spin density (water content and decay time). The 3D forward modeling is then calculated by generating synthetic data for several spin density distributions. This allows to analyze the spatial signal sensitivity of the method and shows the limits and problems of the 1-D inversion and the interpretation of the 2-D and 3-D structures.
We have introduced a 3-D forward modeling of the initial SNMR amplitudes and decay times [9] [10] [11] . A prismatic three-dimensional body model is divided into small cubic cells of dimension V = xyz. The water content f(x, y, z) and the decay times T 2 * (x, y, z) are assumed to be constant in each cell. Then the integral equation is approximated by the finite summation
From this relation, the complete SNMR signal can be calculated as a function of a three-dimensional distribution of the water content f(x, y, z) and decay time T 2 * (x, y, z) in the subsurface. The initial amplitude for t = t 0 , the start of the record, is then given by:
The inner part of the integral is commonly written as the product of a kernel function and the water content
where 3D 0 0 ( ; , , ) ( , , ) sin ( , , )
and z describe the side-length of volume element V. Figure 3 represents the 3-D model discretization for which the SNMR model has been calculated using a one-turn circular loop in a geomagnetic field of 48000 nT at an inclination of 60° and a declination of 0° in a low conductive In general, a magnetic field orthogonal to a geomagnetic field can be described by:
Perpendicular Component of Magnetic Field
B  (r) is the component of the incident exciting field B 1 (r) perpendicular to the static magnetic field B 0 of the Earth. In a conductive medium, B  (r) is = inclination composed of the primary field of the loop and the induced field in case of high conductivity, which causes the phase shift  (r) with respect to the excitation field. Furthermore, the tilt angle of the deflected hydrogen spins for a unit volume at the point r is given by
Pulse moment q [A.s] determines the depth of investigation. A higher pulse moment derives the SNMR response from a greater depth. With the existing equipment, pulse moment q can range from 60 to 20,000 A.ms depending on the loop size and the electrical conductivity of the subsurface.
Distribution of Proton Magnetic Resonance
In the following forward computations, we took a magnitude of the Earth's magnetic field, B 0 , 48000 nT to be tilted by 30 northward away from the vertical (declination 0, inclination 60), with Larmor frequency f L = 2042.83 Hz. The transmitter and receiver loops are circular coincident with a diameter of 100 m. The solid earth model is a homogeneous non-conducting half-space. Genuinely realistic simulations, however, would require the conductivity to be a variable function of depth, particularly because it is a strong function of water content. The representations of excited proton distribution or kernel are shown in Figure  5 . Figure 5 shows 3-D sensitivity of the forward modeling at various depths using a coincident circular loop (diameter = 100 m) at pulse moment q = 1 A.s for the homogeneous half-space model.
Water Layer Model
In order to check the numerical accuracy of the forward code, the synthetic data were compared with data generated by the 1-D code of Mohnke [12] (Figure 6 ).
Coil diameter 100 m, current 1 A, geomagnetic field B 0 = 48000 nT, and x = y = z = 1 m.
Using the formula in Eq. (2) it is possible to compute the initial response amplitude E 0 (q) and decay time T 
1-D Water Layer with Thickness Variation
The depth (h) of a 1-D water layer model has been fixed at 10 m for various layer thicknesses (h i ). The thickness of the water layer increases from 10 m (h 1 ) to 50 m (h 5 ) in steps of 10 m. Figure 7 shows that the maximum position When the depth increases, the response of both amplitude and decay time has a wider curve and the peak value is lower. The peak is also shifted to a higher value of pulse moment as the depth of the water layer increases. 
2-D and 3-D Inversion
The first task of this research was to extend the initial amplitude 3-D forward modeling code to decay times (T 2 * ) for SNMR. This scheme can be used for a 2-and 3-dimensional interpretation of SNMR surveys. For a better understanding of the capabilities of the method, we calculated the SNMR response of 2-D and 3-D models, i.e. the SNMR relaxation signals for various locations of the antenna loop. The 3-D forward modelling was then calculated by generating synthetic data for several spin density distributions. This allowed us to analyse the spatial signal sensitivity of the method and show the limits and problems of the 1-D inversion and the interpretation of the 2-D and 3-D structures [9] .
In geophysics, the conditions are mostly mixed; i.e. some model parameters are over-determined and some are under-determined. Here a set of estimated solutions:
can predict the observed data perfectly, where d is the modeled data, [d i ], i = 1, 2,…, N; m is the model parameter, [m j ], j = 1, 2,…, M; and G is the relation of the data to the model parameter (physical model), [Gij] . For the inversion of the SNMR data, the Tikhonov regularization method was used in order to minimize the number of measurements [7, 13] without loss of accuracy. Here, the function to be minimized consisted of two terms, taking both data fit and model smoothness into account: 
where  is the damping parameter and I is the identity matrix.
We performed an inversion of the 2-D and 3-D synthetic signals computed for a multi water lens model. SNMR measurements were carried out at the surface. The synthetic SNMR data have been calculated using a circular loop (one turn, diameter d = 50 m) in a geomagnetic field of 48000 nT, at an inclination of 60° and declination of 0 in a low conductive half-space. 
2-D Inversion Modeling

3-D Inversion Modeling
Conclusions
We have described the key elements of a multi-dimensional SNMR inversion scheme as an improvement of the 2-D tomographic method [14] . By using simulated data derived from a measurement series, a rapid new scheme accurately reconstructed the boundaries and average value of water content and decay time.
Multi-dimensional modeling of SNMR data is necessary to predict the SNMR signal response of aquifers. For optimization of field layouts, a forward modeling method is used for appropriate measurement of a given 2-D and 3-D situation. Similar to most geophysical surface methods, 3-D SNMR has a limited resolution, but it is effective for investigating water-saturated geological formations larger than several tens of meters [15] . For demonstration purposes, we have presented an improved 2-D and 3-D inversion algorithm using the Levenberg-Marquardt algorithm. The inversion results place the water content feature at the correct depth and volume.
In the near future, this inversion scheme will be applied to SNMR field data. Subsequently, the SNMR method can be applied to detect subsurface water in suitable geological formations to depths of up to 100 m and more, depending on the presence of natural and cultural electromagnetic noise.
